We report on the use of photonic crystal surfaces as a high-sensitivity platform for detection of a panel of cancer biomarkers in a protein microarray format. The photonic crystal surface is designed to provide an optical resonance at the excitation wavelength of cyanine-5 (Cy5), thus providing an increase in fluorescent intensity for Cy5-labeled analytes measured with a confocal microarray scanner, compared to a glass surface. The sandwich enzyme-linked immunosorbent assay (ELISA) is undertaken on a microarray platform to undertake a simultaneous, multiplex analysis of 24 antigens on a single chip. Our results show that the resonant excitation effect increases the signal-to-noise ratio by 3.8-to 6.6-fold, resulting in a decrease in detection limits of 6-89%, with the exact enhancement dependent upon the antibody-antigen interaction. Dose-response characterization of the photonic crystal antibody microarrays shows the capability to detect common cancer biomarkers in the <2 pg/mL concentration range within a mixed sample.
A ntibody microarray technology is a powerful platform for the detection of circulating biomarkers because it combines multiplexed detection, minimal reagent usage, and high sensitivity. Antibody microarrays have proven to be a valuable tool for studying cellular protein production and protein-protein interaction networks and thus have potential applications as a clinical tool in disease diagnosis [1] [2] [3] [4] and drug discovery. 4 Through the use of calibration standards, protein microarrays provide measurements of analyte concentration that are highly quantitative 5, 6 and sandwich assay protocols have been developed that demonstrate extremely low levels of nonspecific detection through the use of fluorophore-tagged secondary antibodies that enable multiplexed detection of cancer biomarkers in serum. 7, 8 In many clinically relevant applications, such as for detection of biomarker proteins that are expressed by cancer cells at a tumor site and subsequently diluted by the total blood volume of a person, a target protein may only be present at concentrations in the 1-100 pg/mL range. [9] [10] [11] [12] There is substantial interest in extending the limits of detection (LOD) and generally increasing the signal-to-noise ratio (SNR) in order to diagnose disease at the earliest possible stage and to quantify biomarker levels at concentrations that were below previous limits of detection.
Label-free biosensor transducer technologies have been used for direct detection of proteins with immobilized capture antibodies, [13] [14] [15] [16] [17] and application of various types of nanometer-scale particles can be used to enhance biosensor sensitivity. 18 However, fluorescence-based detection of chemically tagged analytes has been demonstrated as a robust, highly specific, and easily multiplexed method for achieving high sensitivity. As a result, several successful techniques have been used to enhance the fluorescence intensity and to extend fluorescence-based assays to lower concentrations. These methods include chemical enhancements (such as rolling circle amplification 19 and tyramide amplification 8 ) as well as special assay substrates that can increase the electromagnetic exposure of surface-bound fluorophores.
20-22
Recently, we demonstrated that photonic crystal (PC) surfaces can achieve large enhancements for detection of fluorophore-tagged DNA and protein molecules through the use of narrow bandwidth optical resonances that are designed to occur at specific combinations of excitation wavelength and incident angle. 21, 23 PC enhanced fluorescence (PCEF) surfaces are engineered to provide a resonance at the same wavelength as a laser that is used to excite a fluorescent dye, resulting in an elevated electric field magnitude in an evanescent field region ∼100-200 nm above the PC surface (enhanced excitation). Simultaneously, the PC surface can be engineered to provide a second resonance at the wavelength of fluorophore emission, resulting in increased photon collection efficiency (enhanced extraction). The effects of the two phenomena are multiplicative and have been used to obtain up to 588-fold overall signal enhancement compared to an ordinary glass substrate. 24 
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The PC is comprised of a surface structure that alternates between high and low regions in one dimension in a periodic fashion, as shown in Figure 1a ,b. The surface structure for the PCs used in this report is formed from a polymer material on flexible plastic substrate (see Materials and Methods) using a large area replica molding process. 25 The periodic surface structure is subsequently coated with dielectric coatings of SiO 2 and TiO 2 , where the high refractive index of the TiO 2 is necessary to establish the formation of guided mode resonances that are confined to the PC surface and the media (air) directly in contact with it. As the PC resonator is comprised solely of dielectric materials, high quality-factor resonances with substantially higher electric field enhancement than achievable with surfaces based upon metals, and does so without the quenching effects that are observed for fluorophores in close proximity to the metal. 26, 27 Because the PC surfaces are produced over large surface areas, they can be attached to standard glass microscope slides, so an entire 25 mm Â 75 mm surface is entirely comprised of PC, and the devices can be measured using commercially available confocal microarray scanners. In recent reports, we have demonstrated the use of PCEF in the context of a 19 200-spot gene expression microarray 23 and for detection of a single cancer biomarker in buffer. 21 This report extends our previous work to the first demonstration of a PCEF antibody microarray with simultaneous analysis of 24 cancer biomarkers.
' MATERIALS AND METHODS
Reagents. (3-Glycidoxypropyl)trimethoxysilane (GPTS), phosphate buffered saline (PBS) powder, and Tween-20 were purchased from Sigma-Aldrich. Blocking solution containing 1% casein in PBS was purchased from Bio-Rad Laboratories. Streptavidin-conjugated Cy5 (SA-Cy5) was purchased from Amersham Bioscience. Antigens, primary capture antibodies, and secondary detection antibodies were purchased from R&D Systems unless otherwise noted. All detection antibodies were biotinylated when purchased. The antigens and antibodies used in this work are listed in Table S-1 in the Supporting Information.
PC Fabrication and Characterization. The PC surface was fabricated by nanoreplica molding. 25 In brief, A Si wafer with a linear grating pattern (period = 360 nm, depth = 50 nm) permanently etched into its surface was fabricated by deep-UV photolithography followed by reactive ion etching. The grating pattern is created over a 150 mm Â 75 mm area. The silicon wafer was used as a reusable mold by dispensing a thin liquid layer of ultraviolet curable polymer (UVCP) between a flexible sheet of polyethylene-terephthalate (PET) and the Si wafer. The liquid UVCP was cured to a solid state by exposure to highintensity UV light, after which the polymer replica was peeled away from the Si wafer. A layer of low refractive index SiO 2 (thickness = 300 nm, n = 1.45) was deposited on top of the UVCP grating layer by sputtering to spatially separate the resonant evanescent field from UVCP material, which displays a measurable autofluorescent output. Finally, a high refractive index layer of TiO 2 (thickness = 160 nm, n = 2.35) was deposited by sputtering. Microscope-slide-sized rectangles (25 mm Â 75 mm) were cut from the plastic sheet and attached to a commercial microscope slide with clear adhesive film (3M) to create the finished PC slide.
The device resonance condition is observed by measuring the dip in the transmission spectrum when the PC is subjected to a broadband illumination, as shown in Figure 1c , for both TE-polarized (electric field parallel to the grating structure) and TM-polarized (electric field perpendicular to the grating structure) with illumination at 0°incidence. The resonance angle/wavelength and transmission efficiency are determined by the PC dimensions (such as grating period, grating depth, and duty cycle) as well as the refractive indices of the materials used. One can design a device to have a target resonance angle/ wavelength by optimizing these parameters. Cy5 is a commonly used fluorescence dye due to its strong quantum yield and a readily available helium-neon excitation laser source. In this work since we have used a Cy5 labeling system, the PC was designed to have a TM-polarized resonance at the Cy5 excitation wavelength to achieve enhanced excitation and a TEpolarized resonance at the Cy5 emission wavelength for enhanced extraction.
Surface Chemistry. An epoxysilane-based surface chemistry was selected for its high binding capacity 28 and low background autofluorescence. 29 Before silane deposition, each slide was cleaned by sonication in vertical staining jars of isopropanol and deionized (DI) water for 2 min each. The slides were then dried under a stream of N 2 and subjected to a 100 W oxygen plasma for 10 min at a pressure of 0.75 mTorr. Next, a vapordeposition of 3-glycidoxypropyl-trimethoxysilane was performed in a 500 mL glass staining dish by transferring 1 mL of the silane to the dish and then placing a glass rack loaded with the slides inside the dish. The dish was placed overnight in a vacuum oven at a temperature of 80°C and pressure of 30 Torr. The slides were removed from the glass rack and sonicated in vertical staining jars of toluene, methanol, and DI water for 2 min each and then dried under a stream of N 2 . Slides were stored in a vacuum desiccator until use.
Immunoassay Protocol. Each slide was divided into 7 identical arrays by drawing ∼2 mm wide hydrophobic barriers between arrays with a hydrophobic pen (Super HT Pap Pen, Research Products International Corp.). Capture antibodies were diluted in PBS to a concentration of 0.8 mg/mL, and 8 replicate spots per assay were printed in each array on PC slides using a noncontact printer (GeSiM NanoPlotter 2.1, Quantum Analytics, Foster City, CA). The slides were incubated overnight at room temperature and 70% humidity following printing. The slides were then blocked in a solution of 1% casein in PBS for 1 h at room temperature. The slides were incubated overnight with a mixture of antigens and 0.1% casein in PBS at room temperature with gentle agitation after washing in PBS with 0.05% Tween (PBS-T). Standard curves were generated using a 7-fold dilution series of the antigen mix for a total of six antigen concentrations and a blank (only dilution buffer). The maximum concentration for each antigen is listed in Table S-1 in the Supporting Information. The slides were then washed in PBS-T and followed by incubation with a mixture of biotinylated secondary detection antibodies at 25 ng/mL in PBS-T for 2 h. The slides were then washed with PBS-T to remove excess detection antibodies and were incubated in a solution of 1 μg/mL SA-Cy5 in PBS-T for 30 min. Finally, the slides were washed in PBS-T, centrifuged to remove standing liquid, and dried under house vacuum (∼22 mmHg) for 30 min.
Fluorescence Detection and Analysis. A confocal microarray scanner (LS Reloaded, Tecan) equipped with a λ = 633 nm laser and user-adjustable incident angle was used to image the Cy5 fluorescent signal on the slide. ScanArray Express software (Perkin-Elmer) was used to quantify the spot and slide background intensities. ProMAT software, developed by Pacific Northwest National Laboratory specifically for the analysis of ELISA microarray data, was used to generate standard curves by fitting the fluorescence data to four-parameter logistic curves. 5, 6 In cases where the data did not converge to this model, the standard curves were fit using a spline model. The LOD was also calculated by ProMAT as the concentration point on the standard curve corresponding to the mean plus three standard deviations of the log-transformed fluorescence intensities of the blank. ProMAT is freely available at www.pnl.gov/statistics/ ProMAT.
' RESULTS AND DISCUSSIONS
Missing Spots and Printer Issues. It is well-known that antibodies deposited onto solid surfaces display distinct characteristics due to antibody-specific differences in charge, molecular structure, acidity, specificity, affinity, hydrophobicity, and stability. The diversity of protein structures poses a challenge for identifying a universal assay surface that maintains capture protein functionality equally for all the capture probes in a microarray, as discussed in the literature. [29] [30] [31] In this work, the fluorescent image of the array that was incubated with the highest concentration of the antigen mixture (Figure 2a ) was used to identify any failed assays which might result from missing spots during the printing process or nonfunctional reagents which may have diminished binding capability due to denaturation during storage. Figure 2b shows the layout of the printed capture antibodies on each array. Alexa 633-labeled antisheep IgG was used to provide orientation spots in the upper left and lower right corners of every block. An antibody for green fluorescent protein (GFP) was printed within each block. GFP was also spiked into each antigen mixture, and a separate detection antibody for GFP was included in the detection antibody mixture. The signal from this GFP sandwich ELISA was used to normalize signal intensity across chips for the other assays. 32, 33 As a negative control, a spot of PBS buffer were printed within each block .
The assay abbreviations in boldface font in Figure 2b represent spots that displayed erratic assay responses. From the fluorescence image of Figure 2a , it can clearly be seen that (i) EGF is missing on two replicates in blocks (2,2) and (2,4), (ii) ICAM has an abnormally high intensity on two spots in blocks (2,2) and (2,4) compared to the rest of the blocks, and (iii) MMP2, PSA, IL6, and bFGF have relatively low intensities in all the blocks. Issues (i) and (ii) occurred due to an error in the printer programming that resulted in the EGF antibody being printed on top of the ICAM spot, resulting in both assays being unusable. Issue (iii) is apparently related to problems with the antigens or detection antibodies, such as degradation during storage. For the following analysis, these six assays were excluded.
Raw Fluorescence Intensity. The PC is designed to increase the fluorescence intensity of Cy5 dyes through the enhanced excitation and extraction mechanisms described previously. The enhanced extraction effect is always present, regardless of the illumination conditions. In previous reports using the identical PC surface and detection instrument, we have demonstrated that enhanced extraction results in a ∼4.8-fold increase in fluorescence intensity compared to detection on an unpatterned glass surface. 34 The effects of PC enhanced excitation can be determined by comparing the fluorescence output under the following two conditions: (a) when the excitation laser incident angle is adjusted to illuminate the PC at the resonant angle ("on resonance"), and (b) when the excitation angle of incidence is selected to not coincide with the resonant coupling condition ("off resonance"). Here, the on resonant angle of illumination is ∼0°, while the off resonant angle is 20°. The fluorescent image of one block selected from the array exposed to the first dilution (maximum concentration divided by 7) is used to illustrate the observed signal enhancement when the PC is imaged on resonance. The fluorescent images shown in Figure 3a ,b are obtained using identical photomultiplier tube (PMT) gain settings. It can be observed in Figure 3c that by scanning the PC at its resonant angle, the fluorescence intensity is enhanced by factors of 11-to 20-fold.
In order to determine the limits of detection, it is necessary to characterize the noise in terms of the magnitude of background fluorescence and the standard deviation of slide background intensity. The slide background intensity is defined as the fluorescent intensity outside of the printed antibody spots. The PC will enhance the output of any fluorophore within the evanescent field region, regardless of whether the source of the fluorescence is the Cy5 tag, autofluorescent material within the device structure, or autofluorescence from the chemical functionalization layer. Likewise, any nonspecific attachment of the SA-Cy5 tag to regions outside the capture spots will increase the level of background fluorescent intensity. When the PC is on resonance, the background intensity is ∼4-5-fold higher compared to the off resonance condition. Because of the enhanced electric field on the PC surface, at resonance, the PC enhances both the spot intensity as well as the background intensity. We observe that the magnitude of the PC enhancement is greater within the capture spots than in the regions between the spots, and thus the PC provides an overall gain in the signal-to-background ratio. We define the SNR as the slide backgroundsubtracted net spot intensity divided by the standard deviation of the slide background intensity. This metric represents how easily a spot can be distinguished from noise. As shown in Figure 4 , the SNR is 3.8-to 6.6-fold higher for the functioning assays when the PC is on resonance compared to off resonance at the first dilution. As an example, we found that the increase in SNR is particularly important for detecting antigens EGFR and uPAR at concentrations as low as 3.6 and 7.1 ng/mL, respectively. When the PC is off resonance, the spot signals for EGFR and uPAR at these same concentrations were noise-limited (SNR < 3), which is to say that their spot intensities cannot be differentiated from the noise of the fluorescence in regions between spots. In contrast, these same spots were easily detectable (SNR > 8) when the PC was at resonance. The ability to detect reduced concentrations of such antigens is extremely important to the early detection of disease biomarkers, which in general are present at very low concentrations in biological fluids such as plasma or serum.
Standard Curves and Limit of Detection. The signal intensities from each dilution in the concentration series were used to generate a standard curve using ProMat software. As an example, Figure 5 shows the standard curves for TNFR when the PC is on resonance and off resonance. The sensitivity is defined as the change in signal per unit change in concentration. A more pronounced change in the output signal for a given change in the concentration is desirable, as such a system can more accurately detect small changes in the concentration. We found that on resonance, the PC demonstrated higher sensitivity as indicated by the steeper slope in the linear region of the standard curves. The sensitivity is 141 fluorescent intensity/(pg/mL) when the PC is on resonance opposed to 5.31 fluorescent intensity/(pg/mL) when it is off resonance, a resulting 26.5-fold enhancement.
The LOD is defined at the concentration corresponding to the blank intensity (i.e., the intensity of the negative control spot of PBS buffer) plus 3 standard deviations from all assay spots. The LOD for functional assays for both off and on resonance are listed in Table 1 . The LODs obtained in this work when the PC was on resonance is between 1.9 ng/mL and 1.3 pg/mL. The LOD percentage change when the PC is on resonance as compared to off resonance as defined by eq 1 and is also listed in Table 1. LOD percentage change
Negative values indicate a reduced (improved) LOD. We found that the LODs were improved by 6-89% for 17 of the 18 different assays when the PC was on resonance. We did not observe an improvement in the LOD for the PDGF assay due to an unusually high spot intensity standard deviation when the PC was on resonance.
' CONCLUSIONS
In this work, a PC surface designed to provide optical resonances for the excitation wavelength (enhanced excitation) and emission wavelength (enhanced extraction) of Cy5 was used to amplify the fluorescence signal intensity measured from a multiplexed protein microarray for detection of a panel of breast cancer biomarkers. A surface-based sandwich assay was used in which a cocktail of secondary antibodies are exposed to the array after analyte hybridization to eliminate nonspecific interactions between the assays, while a SA-Cy5 label is used to tag the secondary antibodies. Comparison of fluorescent intensities measured with a commercially available confocal microarray laser scanner clearly demonstrates the signal gain obtained by illuminating the PC at the resonant condition. Compared to off resonance illumination, the PC surface provides improvements in both the signal-to-noise ratio and the limits of detection. Dose-response characterization of the assays demonstrates detection limits in the range of 1.3 pg/mL-1.9 ng/mL without chemical amplications, dependent upon the assay. PCEF is a promising technology for both reducing the detection limits for cancer biomarkers in serum to potentially enabling disease diagnosis at an earlier stage, while at the same time providing greater resolution between similar biomarker concentrations.
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